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PREFACE

The series of manuals on techniques describes procedures for planning and
executing specialized work in water-resources investigations. The material is grouped
under major subject headings called books and is further subdivided into sections and
chapters. Section A of Book 3 is on surface water.

The unit of publication, the chapter, is limited to a narrow field of subject matter.
This format permits flexibility in revision and publication as the need arises. Chapter
A9 deals with the application of dye tracers for the measurement of time of travel in
streams.

Provisional drafts of chapters are distributed to field offices of the U.S. Geological
Survey for their use. These drafts are subject to revision because of experience in use
or because of advancement in knowledge, techniques, or equipment. After the
technique described in a chapter is sufficiently developed, the chapter is published and
is for sale by the U.S. Geological Survey, Books and Open-File Reports Section, Box
25425, Building 810, Federal Center, Denver, Colorado 80225.

Reference to trade names, commercial products, manufacturers, or distributors in
this manual constitutes neither endorsement by the Geological Survey nor recommen-
dation for use.
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MEASUREMENT OF TIME OF TRAVEL IN STREAMS
BY DYE TRACING

By F.A. Kilpatrick and J.F. Wilson, Jr.

Abstract

The use of fluorescent dyes and tracing techniques provides a
means of measuring the time of travel of solutes in steady and
gradually varied flow in streams. This information is needed in
waste transport studies, in particular to evaluate the behavior of
soluble substances accidentally spilled in streams.

This manual describes methods of measuring time of travel of
water and waterborne solutes by dye tracing. The fluorescent dyes,
measuring equipment used, and field and laboratory procedures are
also described. Methods of analysis and presentation to illustrate
time of travel of streams are provided.

Introduction

General

Time of travel refers to the movement of water or
waterborne solutes from point to point in a stream
during steady or gradually varied flow conditions. The
measurement or simulation of time of travel using dye
tracers involves the slug injection of a dye at some
location along the stream and the measurement of the
resulting response, or dye cloud, at other locations
downstream (Buchanan, 1964; Wilson, 1967). When a
fluorescent dye is used as a tracer, the degree of
fluorescence can be determined with a fluorometer.
The concentration of dye in the sample is directly
proportional to its fluorescence. A plot of concentra-
tion against time defines the dye-response curve at
each sampling site. Time of travel is measured by
observing the time required for movement of the dye
cloud, as defined by the response curve, between
sampling sites. Equally important, the dispersion
characteristics of the stream can also be determined.

The purpose of this manual is to describe methods,
procedures, dyes, and equipment used in planning and
making time-of-travel measurements in streams and
in analyzing and presenting such data.

Manuscript approved for publication June 29, 1988.

It is assumed that the reader is familiar with
“Fluorometric Procedures for Dye Tracing,” by Wil-
son and others (1986), which describes the general
procedures for using and measuring dyes.

Purposes of tracer studies

As described in this manual, dye studies in streams
usually are conducted to provide data for two pur-
poses: to determine time of travel for use in water-
quality models; and to define relations so that those
charged with public safety, or others having interest
in transient water-quality problems, can predict the
time of arrival and passage time of a noxious sub-
stance released or spilled upstream.

Water-quality models are, typically, no better quan-
titatively than the travel time data used in their
formation. Traveltimes estimated from low-flow dis-
charge measurements from a few cross sections in a
reach may be subject to large error. Thus, an accurate
measurement of time of travel, such as ean be made
using dye tracers, is needed.

Newspaper headlines frequently report spills of
hazardous materials into streams: a truck goes into a
river; a barge sinks or starts leaking; a holding tank at
a riverside facility ruptures; an industrial plant acci-
dentally releases a dangerous substance into its nor-
mal effluent; or a pipeline ruptures near a river.
Public-health officials often need to decide whether,
when, and how long to suspend operations of public
water-supply intakes in the reach downstream from
the spill. Likewise, other users of the water need to
decide on an appropriate course of action. On one
hand, suspension of water use may result in economic
penalties and, if it involves a public water supply, may
cause widespread discomfort. On the other hand,
public-health officials ecannot afford to take risks when
the safety of large numbers of people is involved.
Clearly, accurate time-of-travel and dispersion
informa- mation is needed, in advance of the spill, to
provide a reasonable basis for such decisions.
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Figure 1. —Lateral mixing and longitudinal dispersion patterns and changes in distribution of concentration downstream
from a single, center slug injection of tracer.

Stewart (1967) made such a study on short notice
when a chlorine barge sank in the Mississippi River
near Baton Rouge, La., causing officials to fear that
the substance would leak into the river. Perhaps
spurred by this incident, the Louisiana Department of
Public Works has acquired, through its cooperative
program with the U.S. Geological Survey, an exten-
sive set of data on time of travel and dispersion on
streams in the State (Shindel and others, 1977; Calan-
dro, 1978).

Press releases

Because of increasing public awareness of stream
pollution, it is highly desirable to provide press
releases that describe dye tests in advance. A press
release should emphasize the purpose of the test, for
example, “to provide a means of predicting the move-
ment of any harmful substances that might be spilled”
or “to provide a means of understanding and monitor-
ing the water quality of the stream.” The press release
should state that the dye is harmless; however, this
should not be the main theme, and titles such as
“Harmless red dye to be dumped into River”
should be avoided. The title should emphasize the

positive aspects of the test, for example, “State and
U.8S. Geological Survey hydrologists to study trans-
port characteristics of River by use of dye
tracers.”

General Description of Dye
Tracing

Theory

Dyes injected into a stream behave in the same
manner as the water particles themselves. A measure
of the movement of the tracer will in effect be a
measure of the movement of an element of fluid in the
stream and of its dispersion characteristics.

The dispersion and mixing of the tracer in the
receiving stream takes place in all three dimensions of
the channel (fig. 1). Vertical mixing is normally com-
pleted first, and lateral mixing later, depending on
stream characteristics and velocity variations. Longi-
tudinal dispersion, having no boundaries, continues
indefinitely and is the dispersion component of pri-
mary interest.

In figure 1, the responses to a slug injection of
tracer are shown with distance downstream along
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Figure 2. —Definition sketch of time-concentration curves along a selected streamline resulting from an instantaneous
dye injection. (Abbreviations explained in section “Symbols and Units.”)

selected imaginary streamlines. The response curve at
any point downstream from an instantaneous dye
injection is normally represented by plotting concen-
tration against elapsed time (fig. 2). The time-
concentration curves, or response curves, defined by
the analysis of water samples taken at selected time
intervals during the dye-cloud passage is the basis for
determining time-of-travel and dispersion character-
istics of streams.

The characteristics of the time-concentration curves
along a streamline are shown in figure 2 and may be
described in terms of elapsed time after an instanta-
neous dye injection. Characteristics pertinent to time-
of-travel measurements are

T;, elapsed time to the arrival of the leading edge of

the response curve at a sampling point;

T,, elapsed time to the peak concentration, C,, of

the response curve at a pont;

T., elapsed time to the centroid of the response

curve at a point; and

T,, elapsed time to the trailing edge of the response

curve at a point.

The mean traveltime for the flow along a streamline
is the difference in elapsed time of the centroids of the
time-concentration curves defined upstream and down-
stream on the same streamline:

t= TC(/,H_ n Tcn;
where n is the number of the sampling site.

Similarly, the traveltimes of the leading edge, peak
concentration, and trailing edge along a given stream-
line are, respectively,

tL:TL(n+1)_TLn5 (1)

tp:TP(n+1)_Tpn’ @
and

tt: Tt(n+1)_ Ttn' (3)

The time, T, necessary for the response to pass a
sampling point in a section is
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T,=T,~Ty, @)

As shown in figure 1, a typical dye cloud may travel
faster in the center of the stream than along the
banks, where it may also be more elongated. Com-
plete definition of the response to a slug injection
therefore may involve measurement at more than one
point or streamline in the several sections involved,
Fortunately, most time-of-travel measurements are
made over long stream lengths, and elaborate meas-
urement of the response curves laterally is not neec-
essary. The exception is the measuring section near-
est the injection point, where sampling at several
points laterally is often advisable if the distance from
the injection to this first section is short. Thus, in
some uses the various times characterizing the
response curves described above may best be aver-
aged to represent the entire dye cloud at a section.

The duration or time of passage of a tracer response
at a section, T, is the difference between the slowest
trailing time along one bank and the fastest leading
edge time, usually as observed in the center. The
difference between the values of T, and T, can be
significant. Unless otherwise indicated, further refer-
ence to the duration of the response curve will be to
Tp, as in most time-of-travel studies 7,~T, for the
long stream lengths involved.

Fluorometry

Fluorometers measure the luminescence of a fluo-
rescent substance when the substance is subjected to
a light source of a given wavelength. The higher the
concentration of the fluorescent substance, the more
emitted light the fluorometer will detect. The use of
fluorometers in dye tracing has been described in
detail by Wilson and others (1986).

Fluorescent dyes

Several dyes can be used as tracers in time-of-travel
measurements. The basic characteristics of dyes now
being used by the Geological Survey have been dis-
cussed by Wilson and others (1986). Properties to be
considered in selecting a tracer include detectability,
toxicity, solubility, cost, and sorption characteristics.
Currently, rhodamine WT dye is the tracer recom-
mended and the one involved in subsequent discus-
sions.

Toxicity

Abidi (1982) reported on laboratory tests show-
ing that when rhodamine WT dye is mixed with
streamwater containing nitrites, diethylnitrosamine

(DENA), a carcinogen, may be formed. Johnson and
Steinheimer (1984) and Steinheimer and Johnson
(1986) conducted a number of tests relative to DENA
formation and persistence. They found that DENA in
a simulated stream environment has a half-life of less
than 3 hours. They also analyzed water samples from
four streams taken during rhodamine WT tracer stud-
ies and could not detect DENA in any of the samples.
Nitrite concentrations in the four streams varied from
2 to 46 micrograms per liter (ug/L).

Regrettably, Abidi’s report influenced some agen-
cies to suspend time-of-travel and related studies.
Johnson and Steinheimer’s reports need to be cited to
emphasize that studies can be performed without
harm if carefully performed. Similarly, it is important
to adhere to the Geological Survey policy for the use of
rhodamine dyes, which states that in a stream where
measured nitrite is less than 50 wg/L, the maximum
permissible concentration of the dye is 10 pg/L at any
water intake that ultimately results in direct or indi-
rect human consumption. Furthermore, should mea-
sured nitrite be greater than 50 wg/L, the maximum
permissible concentration of rhodamine dye at an
intake is 2 pg/L. Dye concentrations at water intakes
can generally be kept well below this level; many dye
studies are designed for maximum concentrations of 1
ng/L at such critical points as water intakes. Nitrite
concentrations in excess of 50 pg/L seldom exist
except with extreme river pollution.

In this regard, it is important to calibrate fluorom-
eters with the dye used and to analyze samples so that
the actual dye concentrations obtained in the stream
are documented (Wilson and others, 1986). The test
data and data on measured nitrite concentrations
should be retained for any future legal needs, as well
as for other types of analyses (Kilpatrick and Taylor,
1986).

Users of rhodamine WT dye need to take special
precautions to avoid direct contact with the dye.
Rubber or plastic gloves should be worn when
handling concentrated dye solutions. When the dye
does come in contact with the skin, it should be
washed off immediately. Pipetting of dye solutions
may be done with a squeeze bulb or by using a long
piece of flexible tubing to prevent accidental ingestion
of the dye.

Dye- Tracmg (1uipment and
Supplies

Injection

Injections are usually made by pouring a measured
amount of dye into the center of the flow. This is
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usually in the center of the stream. Graduated labo-
ratory cylinders, as shown in figure 3, are recom-
mended for measuring small quantities of dye. Large
injections can be measured in terms of full dye con-
tainers; the net weight of dye is usually stamped on
the container.

Injections at multiple points across the stream are
sometimes used on wide or shallow streams to shorten
the effective mixing length. The dye is measured,
divided into a number of containers, and poured
simultaneously at several points along the cross sec-
tion. Special boat-mounted devices, such as those
shown in figure 4, may be useful for line injections of
very large doses. A line injection is made by pouring
dye continuously while crossing the stream; in such
instances, dye should not be injected at the immediate
stream banks in dead water or in areas of slow-moving
water. As a rule, dye should be injected in only about
the central 75 percent of the flow.

Sampling

Grab sampling is most commonly used in dye-
tracing studies. Sampling may be done by wading into
the stream, from a boat, or by lowering the sampling
container by rope from a bridge. The 8-dram (approx-
imately 32 milliliters (mL) or 1 ounce (0z)) polyseal-cap
glass bottles shown in figure 5 are stock items. This
bottle has sufficient volume for six to eight analyses on
some fluorometers, is easy to clean and handle, and is
compatible with temperature-bath control systems. If
the Turner Designs model 10 fluorometer is used, a
100-mL sample is desirable. This fluorometer may also
be equipped with a smaller cuvette holder which
allows the smaller 1-0z bottle to be used. Excessively
large samples require a longer time to come to the
desired temperature when temperature-control appa-
ratus is used. Glass bottles can be numbered so that
the sample data can be kept on separate data sheets
referred to only by sample number (see fig. 6). Per-
manent numbers can be placed on the glass with a
vibrator-etcher tool, or temporary numbers can be
added by writing on masking or transparent tape
affixed to the bottle. Soap or acid cleansing of bottles
is not recommended; flushing and then rinsing twice in
plain water is sufficient.

The chest shown in figure 5 contains six trays of 50
bottles each and is sufficient for most tests.

Standard samplers, such as depth-integrating
water-quality samplers, can be used for point sam-
pling, although smaller, lighter samplers designed
specifically for the size and type of sample bottle are
best. The sample bottle holder for the standard glass
bottle shown in figure 5 is intended for use from
bridges. It is fabricated by mounting a utility clamp or

Figure 3.—Volumetric measuring of dye dosage in the
field.

a split section of rubber hose to angle iron or to some
other support, which serves to hold and protect the
bottle.

Hand sampling during dye studies is quite effective,
but it frequently involves many people, and some of
the sampling may need to be done during the night.
Long hours with little relief is more the rule than the
exception. Consequently, manpower costs are high.
The automatic dye-sampling boat, shown in figure 7,
has helped reduce the manpower required for dye
studies (Kilpatrick, 1972). The sampler consists of a
series of spring-activated 20-mL hypodermic syringes
mounted vertically in a metal rack. When installed in
the floating fiberglass boat, the tips of the syringes
are immersed slightly in water. A worm gear, rotated
by a small electric motor, advances a tripping mecha-
nism, which releases the preset syringes one by one in
sequence. As they are released, the syringes fill with
water from the action of the spring that withdraws the
plunger the necessary distance. Following use, the
syringes need to be rinsed only with clear water;
laboratory detergent will cause the syringes to stick
during subsequent use. Bench-testing the timing
mechanism to determine the sampling interval at
various combinations of drive gears is recommended,
as there may be some variation between units.

The use of dye-sampling boats can reduce the num-
ber of personnel required to do a fairly extensive dye
study to just two. The first sampling site is usually
sampled by hand because the dye passes quickly, and
these data provide an opportunity to reestimate the
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Figure 4. —Special boat-mounted apparatus for making a line injection of a large dosage of dye. (Photograph by Missouri
district of U.S. Geological Survey.)

time of arrival of the dye cloud at downstream sam-
pling points. Then the sampling boat is tied or
anchored at the next sampling site and set to sample
during a period of time that will ensure that the dye
cloud is sampled when it passes. The frequency of
sampling is set to obtain enough samples to define the
dye cloud.

Although most investigators occasionally check the
boats during the sampling process, they are typically
left unattended for long periods to allow personnel
time for meals and rest. There have been few reports
of vandalism or theft. Some studies have been made
with the sampler boats chained and locked to bridge
pilings, but they are, of course, still subject to van-

dalism. Either way, the number of cases of vandalism
and theft has been low nationwide.

It may be necessary to use two boats if the leading
edge of the dye reaches a sampling site before the dye
cloud has completely passed the next site upstream or
if the dye cloud will pass two sites during the time set
aside for the field crew to rest. When two sampling
boats are used, they car be leapfrogged to alternate
sites as the dye moves through the study reach.

In securing the boats by a bottom anchor in streams
having swift velocities, enough anchor rope should be
provided to prevent the boats from sinking. When tied
at the front, where an eyebolt is installed for this
purpose, the boats may be pulled under and sunk
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Figure 5.—Sampling equipment for use in dye-tracer
studies.

because the front end, affected by the force of the
anchor rope, tends to float a little lower than the rear.

Although periodic grab sampling, either manually
or with the automatic sampler described, has proved
satisfactory for most applications, continuous sam-
pling and recording may be accomplished by use of a
flow-through device on the fluorometer and a strip-
chart recorder, such as that shown in figure 8. Typi-
cally, the intake hose is attached to a small electrically
operated pump, which pumps the sample through the
flow-through fluorometer door and out the discharge
hose.

Continuous sampling from a boat is particularly
applicable to studies in which the dye-cloud movement
is multidimensional. Depth sampling can be accom-
plished by traversing vertically with the intake hose.
High pump rates and short hose lengths will minimize
lag errors and dispersion taking place in the hose
itself.

The strip-chart record of fluorescense plotted
against time can be calibrated by periodically collect-
ing bottle samples from the fluorometer discharge line
and noting the collection time directly on the chart.
Subsequently, these samples are analyzed, and con-
centrations are plotted against chart readings to
define a calibration curve, as shown in figure 9.

Fluorometers

Fluorometers and accessory equipment, and their
calibration and operation, are described by Wilson and
others (1986). A modern fluorometer, such as the
Turner Designs model 10 (see fig. 10), is battery
operated and enclosed for field as well as laboratory

use. It should be noted that the standard 1-oz bottle
described earlier and the 20-mL syringe sample
obtained with the boat sampler require the 13- by
100-millimeter cuvette holder to permit analysis on
this fluorometer.

Fluorometer readings for samples are relative val-
ues of fluorescence intensity and cannot be directly
converted into dye concentrations unless the fluorom-
eter is one of the newer models designed to be read
directly in concentration values. The actual concentra-
tions of the samples can be determined by use of a
fluorometer that has been calibrated by using a set of
standard solutions of known concentration. The stand-
ard dye solutions should be made from the same dye
lot used in the field test. Thus, the concentrations in
samples for all tests using the same lot of dye can
readily be determined.

Planning the Time-of-Travel
Study

Test discharges

Time of travel varies inversely with discharge in a
stream. To develop a method for predicting travel-
times that can be used over a range of discharges, it is
necessary to relate the time of travel in some way to
stream discharge. Over a long reach of river, stream
discharge generally increases in the downstream
direction as the area drained increases. These
increases, however, do not occur uniformly with dis-
tance along the river. At the points where tributaries
enter the river, stream discharge increases abruptly.
Depending on the drainage area of the tributary,
these increases can be substantial. Usually, however,
the river channel has adjusted to these increases in
flow, and an increase in velocity commensurate with
the increase in flow does not occur. For this reason,
except for very limited studies, absolute discharge in
the river is not an ideal variable for determining the
relation between traveltime and discharge (Taylor and
others, 1984).

Flow duration is an index of river discharge that is
nearly constant throughout a reach of stream, pro-
vided there is no flood wave moving through the
system. This characteristic makes flow duration a
useful index of stream discharge in developing a
relationship with time of travel. Flow duration,
expressed in percent, is the percentage of time that
the historic mean-daily discharges equal or exceed a
specified discharge.

Figure 11 is a map of the Shenandoah River and its
tributaries in Virginia and West Virginia where an
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Figure 6.—Form for recording dye-sample data.
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Figure 8.—Fluorometer equipped with a flow-through
door and a strip-chart recorder for continuous sampling
and recording.

Figure 7.—Automatic dye-sampling boat, with the sam-
pling mechanism and battery removed.

Trace of fluorometer readout as a function of time;
event marker is used to indicate taking of
samples and times

S-13
S-13
strip chart

™~ Calibration plotted

40 b~ T~ ---—-Example------ directly on chart

—S5-9

FLUOROMETER—

23 min.

READING

CONCENTRATION, IN MICROGRAMS PER LITER

Figure 9. —Example of calibration of strip-chart trace. Selected samples from the fluorometer flow-through discharge are
subsequently analyzed in the laboratory and concentrations are plotted against the strip-chart reading directly on the
graph.
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Figure 10.—A modern fluorometer, suitable for field use,
having both flow-through and individual-sample analy-
sis capability.

extensive series of time-of-travel tests was performed
by Taylor and others (1986) during 1983 and 1984 at
flows of 85 percent and 45 percent duration, respec-
tively. The data and techniques used by Taylor and
others are used selectively in this manual. Figure 12
shows the relation between flow duration and dis-
charge for four gaging stations or locations on the
South Fork Shenandoah River and its tributaries in
Virginia. Taylor and others found that during Septem-
ber 1983 discharge on the Shenandoah River increased
from 36 cubic feet per second (ft*/s) at Waynesboro to
570 ft*/s at Harpers Ferry, although flow duration was
at approximately 85 percent throughout the reach.
This information made possible comparisons with
tests on the Potomac River, which were performed
during the fall of 1981 at the flow duration of 90
percent; flow at this duration was 1,800 ft%/s for the
Potomac River at Washington, D.C. As mentioned
previously, time of travel commonly varies inversely
with discharge. The relation of time of travel to
discharge is of the form

t=kQ"", 6)]

which is a straight line, logarithmically. The constant,
k, and the exponent, x, need to be defined for each
flow-control condition of interest, that is, pool-and-
riffle or channel control. Thus, two or more time-
of-travel measurements are usually required for any
stream reach.

The first step in planning the time-of-travel study is
to study existing streamflow records and to select the

one or more flow durations to be sought for the tests.
The lower flow (higher flow duration) is usually the
most important, as traveltimes are long and the
transport and behavior of potential wastes are the
most critical. Fall is the most likely season for suffi-
ciently long periods of stable low flows in a large river
system. Stable high flows, having flow durations
between 40 and 50 percent, sometimes occur during
late spring. In either case, careful planning means
being alert and ready for the desired periods of stable
flows. Manpower may have to be concentrated for
intense efforts when the flow “window” for the tests
materialize. Plans and logistics need to be ready for
implementation when the time comes.

Map and streamflow-data study

The next step in planning the time-of-travel meas-
urement is to make a tentative evaluation of the
stream reaches under consideration in terms of
hydraulic characteristics and of constraints on the use
of dyes. Topographic maps and available streamflow
data should be examined to make the initial selection
of sites where dye will be injected and sampled. Maps
are useful in developing a generalized picture of the
stream-channel system in terms of channel geometry,
discharge and slope variations, manmade impound-
ments and diversions, and accessibility of the sites.

Examination of available streamflow data, dis-
charge measurements, and gaging-station records and
comparisons of hydrographs assist in selecting sam-
pling and injection sites.

Reconnaissance of the stream

The reconnaissance of the stream will depend on the
scope of the measurements being planned and should
include the following activities:

1. Inspect the proposed injection site or sites to
determine flow conditions, type of dye injection
to use, and accessibility for injecting the dye.

2. Inspect the proposed sampling sites (minimum of
two per injection is desirable) to determine
accessibility and suitability. Decide whether
more than one sampling point in the cross section
will be necessary and where the sampling points
will be located. Measure or estimate the channel
width and depth and the mean velocity of the
stream reach to the extent possible.

3. Estimate stream velocities to aid in planning
sampling schedules. When making a visual
reconnaissance of the stream, there is a tendency
to give too much weight to the higher velocities
observed in riffles compared with the slower
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